INTRODUCTION {#sec1-1}
============

Mechanical ventilation is an important tool in the management of respiratory failure in the critically ill patient. Mechanical ventilation is required for the management of respiratory failure resulting from various clinical conditions including acute respiratory distress syndrome (ARDS), pneumonia, sepsis, chronic obstructive pulmonary disease (COPD), and asthma. Although mechanical ventilation can be a lifesaving intervention, it is also known to carry several side-effects and risks. Various complications of mechanical ventilation include hypotension, respiratory distress ("fighting the ventilator"), with consequent increase in airway pressure, ARDS, ventilator-associated pneumonia (VAP), and complications related to endotracheal tubes.\[[@ref1]\] Providing adequate oxygenation (PaO~2~ 60-70 torrs) is one of the primary goals of mechanical ventilation. However, while on mechanical ventilation, patients frequently experience hypoxic events resulting from various causes, which need to be properly evaluated and treated.\[[@ref1]\] There is limited published data focusing on causes of hypoxic events in mechanically ventilated patients. This study examines the causes and frequency of various hypoxic events while on mechanical ventilation.

MATERIALS AND METHODS {#sec1-2}
=====================

Data were obtained by prospectively reviewing all intensive care admissions during the period from March 2009 to March 2010 at a 651-bed urban medical center with 36 adult critical care beds. All mechanically ventilated patients ≥18 years of age were studied. Patients who developed hypoxemia (oxygen saturation ≤88% and a PaO~2~≤60 torrs) while on mechanical ventilation were investigated for the cause of hypoxic event. In this study, all patients admitted to the medical intensive care unit and mechanically ventilated for any cause of respiratory failure were considered for inclusion. Patients who could not be stabilized with adequate oxygenation regardless of the mode of ventilation and inspired fraction of oxygen delivered by the ventilator were not considered for inclusion in this study. Only stable patients on mechanical ventilation that developed acute hypoxia, not as a result of the underlying cause of respiratory failure, were further studied and included. If on evaluation of the patient the cause of the hypoxia was considered to be secondary to the underlying cause of respiratory failure than the patient would be excluded.

The three most common causes of respiratory failure among the patients developing acute hypoxic events were septic shock (22%), cardiopulmonary arrest (18%), and pneumonia (13%). The remaining causes included COPD exacerbation (8%), postoperative respiratory failure (6%), stroke (5%), myocardial infarction (5%), status epilepticus (4%), drug overdose (4%), ARDS (4%), congestive heart failure exacerbation (3%), gastrointestinal bleeding (3%), pulmonary edema (3%), aspiration pneumonia (1%), ischemic bowel (1%), pulmonary embolism (PE) (1%), and trauma (1%) in decreasing order of occurrence \[[Table 1](#T1){ref-type="table"}\]. Patients presenting with signs of systemic inflammatory response syndrome, high suspicion or evidence of infection, end organ dysfunction, and refractory hypotension were considered to have septic shock. Patients that presented with clinical signs and symptoms suggestive of pneumonia (i.e., cough, fever, and sputum production), leukocytosis, evidence of infiltrate on chest X-ray, and not otherwise meeting the criteria of septic shock were considered to have pneumonia. Patients that met criteria of the American-European Consensus Conference on ARDS with acute onset disease with bilateral diffuse infilatrates of chest X-ray without evidence of cardiovascular disease and PaO~2~ to FiO~2~ ratio of less than 200 were considered to have ARDS as the cause of respiratory failure.

###### 

Causes of respiratory failure
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All hypoxic events recorded were not due to the initial cause of respiratory failure. Prior to the occurrence of each hypoxic event, all the patients had been stable with adequate oxygenation. The patients developing hypoxic events were clinically evaluated and a chest X-ray and other relevant clinical test were conducted to determine the cause of hypoxic event while on mechanical ventilation.

RESULTS {#sec1-3}
=======

The study included 955 patients receiving mechanical ventilation. There was a total of 79 patients (8%) who developed acute hypoxia while on mechanical ventilation. There were 39 males and 40 females. The average age was 58 years (ranging between 22 and 91 years). The most common causes of acute hypoxia was pulmonary edema (29%). In the pulmonary edema group, the average ejection fraction was 37% (ranging between 20% and 55%) and the average serum albumin in these patients was 2.49 g/dL (ranging between 1.3 and 2.9 g/dL). The scond most common cause of acute hypoxia was atelectasis (28%). Common causes of atelectasis among the study patients were mucous plugging (20%), poor suctioning (6%), and right main-stem intubation (2%) leading to right upper lobe collapse or left lung collapse. The third most common cause was pneumothorax (13%) leading to hypoxemia. In the pneumothorax group, five patients (6%) had COPD, three (5%) had ARDS, and two (3%) had bronchial asthma.

The remaining causes of acute hypoxia included pneumonia (10%), ARDS (9%), endotracheal tube malfunction (6%), airway bleeding (3%), and PE (3%) in decreasing order of occurrence \[[Table 2](#T2){ref-type="table"}\]. Subgroup analyses show that none of the causes of acute hypoxia were secondary to the underlying cause of respiratory failure \[[Table 3](#T3){ref-type="table"}\].
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Subgroup analyses showing the causes of respiratory failure and eventual cause of acute hypoxia
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DISCUSSION {#sec1-4}
==========

Various pathophysiological mechanisms of hypoxia generally include alveolar hypoventilation, impaired diffusion, venous admixture, ventilation-perfusion mismatch, and low mixed venous oxygen. Understanding the physiological basis of hypoxia can help elucidate its causes. While a patient is mechanically ventilated, the cause of a hypoxic event can be due to the ventilator and equipment problems, progression of the pre-existing disease that resulted in respiratory failure, and development of a new disease process or a side-effect from an intervention. We will explore in detail the most common causes of acute hypoxia in patients on mechanical ventilation.

Pulmonary edema {#sec2-1}
---------------

Pulmonary edema was the leading cause of acute hypoxic events in our patients. Twenty-three (29%) patients in this study developed hypoxia due to pulmonary edema. The average ejection fraction of the patients developing pulmonary edema in our patients was 37% (ranging between 20% and 55%). The average serum albumin in these patients was 2.49 g/dL (ranging between 1.3 and 2.9 g/dL). Pulmonary edema is a common complication of excessive fluid resuscitation in mechanically ventilated patients leading to an increase in intravascular volume and increased left ventricular end-diastolic pressure. Pulmonary edema develops as a result of excess fluid filtration through the capillaries into the lungs. The accumulation of this fluid is dependent on various factors including vascular permeability, hydrostatic, and oncotic pressures.\[[@ref2]\] The vast majority of patients developing pulmonary edema in this study had low cardiac ejection fraction. Most of the study patients had multiple comorbidities including advanced age, poor nutritional status resulting in hypoalbuminemia, and a history of structural and functional heart disease. Typically, these cases of pulmonary edema responded to fluid restriction and forced diuresis with loop diuretics.\[[@ref3]\] The most commonly used drug is intravenous furosemide in doses of 20-40 mg, which leads to an increase in the sodium and water excretion resulting in decreased left ventricular end-diastolic pressure. In hypoalbuminemic patients, the use of intravenous albumin aids in preventing third spacing of fluids.\[[@ref4]\] In patients with kidney disease or those refractory to fluid restriction or drug therapy, hemodialysis is the only option in decreasing intravascular volume.\[[@ref5]\]

Atelectasis {#sec2-2}
-----------

Common causes of atelectasis among the study patients were mucous plugging (20%), poor suctioning (6%), and right main-stem intubation (2%), leading to right upper lobe collapse or left lung collapse. Immobility in critically ill patient along with impaired mucociliary clearance, ineffective cough leading to mucous accumulation are risk factors for atelectasis. Atelectasis is a common cause of hypoxic events and can further lead to complications including pneumonia.\[[@ref6][@ref7][@ref8]\] The role of bronchoscopy for relieving atelectasis and hypoxemia by removing retained secretions is both well studied and effective.\[[@ref6][@ref7][@ref8][@ref9][@ref10][@ref11]\]

Published case studies have described atelectasis of the right upper lobe resulting from inadvertent intubation of the right main-stem bronchus.\[[@ref12]\] Presence of bilateral breath sounds after intubation does not reliably exclude right main-stem intubation. Prompt confirmation with chest roentgenogram is recommended.\[[@ref13][@ref14]\] Right main-stem intubation can obstruct the orifice of the right upper lobe brochus due to its close proximity to the carina. Also commonly observed is left lower lobe collapse or entire left lung collapse with right main-stem intubations.

Five patients (6%) developed atelectasis from poor suctioning. In addition, four patients were found to have left lower lobe atelectasis that was likely the result of poor suctioning of the left main stem bronchus due to its natural angulation. Proper suctioning technique requires a catheter that is half the diameter of the endotracheal tube inserted at the level of the carina with minimal pressure suctioning started only after retraction 1-2 cm away from the carina for a maximum duration of 10 s.\[[@ref15]\]

Pneumothorax {#sec2-3}
------------

Ten patients (13%) in the study developed pneumothorax leading to hypoxemia. Five patients (6%) had COPD, three (5%) had ARDS, and two (3%) had bronchial asthma. Pneumothorax results from pulmonary barotrauma leading to alveolar rupture and subsequent air leak into the pleural space due to positive pressure ventilation.\[[@ref11]\] Risk factors include COPD, ARDS, asthma, and use of positive end expiratory pressure (PEEP).\[[@ref16][@ref17][@ref18]\] Pneumothorax can be prevented by maintaining the peak inspiratory pressure (PIP) below 35 cm of water. In this study, nearly half of the patients who developed pneumothorax had underlying lung disease including COPD and asthma. Average peak pressures in patients with underlying lung disease were between 30 and 35 cm H~2~O and in patients with ARDS were 40 cm H~2~O. As mentioned, controlling PIP is one of the most important steps in preventing iatrogenic barotrauma. For ARDS patients, we recommend ARDS Network Trial Guidelines for ventilator management.\[[@ref19]\] In general, appropriate management includes maintaining low PIP and use of small tidal volumes of 5-7 ml/kg ideal bodyweight.\[[@ref19][@ref20]\] Several procedures such as bronchoscopy, central line placement, and thoracentesis carry the risk of pneumothorax as a complication.\[[@ref21]\] One should remain vigilant in identifying post-procedural pneumothorax for at least 24 h after completion of the procedure.

Pneumonia {#sec2-4}
---------

Eight patients (10%) in our study developed hypoxemia due to new-onset pneumonia. Pneumonia occurring 48 h after intubation is defined as ventilator-associated pneumonia. There are two varieties of VAP based on the time of onset: early onset and late onset with the former diagnosed during the first 3-4 days of intubation and the latter occurring after 4 days of intubation.\[[@ref22][@ref23]\] Early onset VAP is usually the result of oropharyngeal infectious organisms, Hemophilus *influenza*, Streptococcus *pneumonia*, and Staphylococcus *aureus*. Late onset pneumonia results from gram negative bacteria including Pseudomonas *aeruginosa* and Acinetobacter.\[[@ref22][@ref24]\] Several risk factors are associated with VAP which include duration of mechanical ventilation, supine postion, poor oral care, aspiration due to enteric feeding, use of antacids, COPD, ARDS, and sepsis.\[[@ref22][@ref24][@ref25]\] The implementation of a modified ventilator bundle driven by respiratory therapy which includes head elevation to 45°, sedation vacations, hand washing, and spontaneous breathing trials to prevent prolonged intubation have been shown to dramatically reduce the incidence of VAP.\[[@ref26]\]

Bleeding {#sec2-5}
--------

In this study, two patients (3%) became hypoxic from bleeding. Presence of blood in the endotracheal tube is an alarming finding. Bleeding can arise from the airway or alveoli. Suction trauma is the leading cause of airway bleeding. Repetitive suctioning of the airway to remove secretions leads to inflammation and eventually vascular erosion and bleeding. Bronchoscopy in our patients localized the bleeding site in the airways. Stress-induced ultrastructural changes that disrupt the capillary--alveolar endothelium can also result in pulmonary edema and alveolar hemorrhage.\[[@ref27]\] Various other pathologies responsible for hemorrhage include coagulopathy, thrombocytopenia, crack cocaine, cytotoxic drugs, radiation therapy, autoimmune disorders, vasculitis, and idiopathic causes.\[[@ref28][@ref29]\] A systematic approach to identify the cause of bleeding is essential. Bronchoscopic examination is crucial in the workup of patients with endobronchial bleeding.

Endotracheal tube malfunction {#sec2-6}
-----------------------------

Five patients (6%) in our study developed hypoxemia due to endotracheal tube malfunction. Endotracheal tube malfunction occurred in patients who were not adequately sedated. Cough reflex of these patients in respiratory distress led to the displacement of the endotracheal tube which led to hypoxemia requiring re-intubation. One patient had cuff deflation of the endotracheal tube requiring re-intubation. Several methods of stabilizing the endotracheal tube exist which include commercial tube holders, adhesive tape, cotton, and twill. No particular method of stabilization has been proven to be superior.\[[@ref30]\] Routine evaluation of the endotracheal tube position, reliable anchoring of the endotracheal tube, and adequate sedation are recommended to minimize tube dislodgement.

Pulmonary embolism {#sec2-7}
------------------

Only two patients (3%) in our study developed PE. Deep venous thrombosis (DVT) and PE are often unrecognized in the critically ill patients. Patients who experience sudden hypoxemia with the presence of tachycardia or hypotension may have undetected PE.\[[@ref31]\] Frequency of PE in hospitalized patients is nearly 15% in autopsy studies.\[[@ref32]\] Prevalence of thromboembolic disease in patients hospitalized for pulmonary disease is estimated between 8% and 25%.\[[@ref33]\] In a study of intubated COPD patients, the presence of DVT was between 15% and 28%, but no proven PE was observed.\[[@ref33]\] In a large study of ICU patients, the incidence of PE was 1.9% with nearly a third of cases diagnosed in patients with acute respiratory distress.\[[@ref34]\] The mortality rate in ICU patients who develop PE is 52.9%.\[[@ref34]\] Currently, there are no prediction models for PE in the ICU setting.\[[@ref31]\] The use of Wells' score and the Geneva revised score poorly correlate with the presence of PE.\[[@ref34]\] Risk factors for DVT and PE in the ICU include history of DVT, end-stage renal failure, platelet transfusions, vasopressor use, length of stay, age, and mechanical ventilation.\[[@ref31][@ref35]\] Diagnosis of PE can be confirmed with the use of CT angiogram, but the use of the test is limited to those patients who are stable and at minimal risk of contrast-related complications. Chest radiograph images can be normal in a third of cases.\[[@ref34]\] The low incidence in our study can be attributed to the standard use of thromboembolism prophylaxis in all mechanically ventilated patients.

Acute respiratory distress syndrome {#sec2-8}
-----------------------------------

In this study, seven patients (9%) developed hypoxia due to worsening to ARDS. Several risk factors exist for the development of ARDS. Five cases in our study were due to pneumonia. All of our patients had normal cardiac ejection fraction and central venous pressures ≤ 12. Despite improvement in mortality rates, ARDS still carries a mortality rate of 43%.\[[@ref36]\] Mortality in ARDS occurs primarily as a result of sepsis and multiorgan failure, as was the case in the five deaths in our patients. Use of low tidal volume, ≤6 cc/kg, with plateau pressure \< 30 cm H~2~O and avoidance of fluid overload remain the standard of care in ARDS management.\[[@ref37]\]

CONCLUSION {#sec1-5}
==========

In this prospective study of 955 mechanically ventilated patients, 79 (8%) developed significant hypoxia. Various causes of acute hypoxic events included pulmonary edema (29%), atelectasis (28%), pneumothorax (13%), pneumonia (10%), ARDS (9%), endotracheal tube malfunction (6%), PE (3%), and bleeding (3%) in decreasing order of frequency.

Pulmonary edema is the most common cause of hypoxia as a result of fluid overload either due to over-hydration, renal disease, or low ejection fraction. Physical examination findings, chest radiographs, and echocardiograms are useful in confirming the diagnosis. Treatment with diuretics or hemodialysis, if needed, can reverse hypoxia.

Atelectasis commonly results from mucous plugging as a result of poor suctioning or right main-stem intubation. A prompt chest radiograph can confirm right main-stem intubation requiring tube readjustment to reverse atelectasis. Proper suctioning of the mucous plugs causing atelectasis can similarly relieve the endobronchial obstruction and relieve hypoxia. Proper suctioning technique with removal of secretions can prevent eventual plugging and atelectasis. Bronchoscopy plays a significant role in the removal of retained secretions to alleviate hypoxia due to atelectasis.

Pneumothorax causing hypoxia may occur in patients with COPD, asthma, ARDS, and high PEEP and after certain invasive pulmonary procedures or placement of a central line. Maintaining low PIP (\<35 cm H~2~O) and using low tidal volumes (5-7 ml/kg ideal body weight) can help prevent barotrauma resulting in pneumothorax. Early recognition of a pneumothorax, typically on a chest radiograph, can help avoid tension pneumothorax and eventual cardiopulmonary arrest.

Ventilator-associated pneumonias both either early or late onset can lead to hypoxia. The diagnosis is usually confirmed by a chest radiograph. Prevention of VAP may be successfully achieved with the use of strategic ventilator bundles which include various infection control techniques.

Worsening hypoxia may result from the development or progression to ARDS. In our study, most cases of ARDS resulted from pneumonia.

Endotracheal tube malfunction commonly occurs as a result of tube displacement due to uncontrolled cough or struggle by the patients under inadequate sedation. The use of proper tube stabilizers and anchoring techniques along with adequate sedation can help minimize tube dislodgements. Ruptured cuff or over-distended cuff with tracheal ballooning due to tracheomalacia requires replacement of the tube.

PE is an infrequent cause of a hypoxic event in our study. The use of thromboembolism prophylaxis in our patients may explain the low occurrence of PE and supports its use in all ventilated patients. Lack of predictive models in the ICU can cause many cases to go undiagnosed with serious consequences. Clinical suspicion for PE must be considered in patients who suddenly develop hypoxia with otherwise unexplained tachycardia or hypotension.

Bleeding in the airway, although an alarming sign, is usually the result of suction trauma. Bronchoscopic examination is crucial in the workup of endobroncial bleeding. A systematic approach to identify the cause of bleeding is essential.

Appropriate evaluation of all hypoxic events must begin at the bedside. A step-by-step approach must include a thorough physical examination, in general, and chest examination, in particular, with special attention to auscultatory findings. Evaluation of the endotracheal tube can immediately reveal dislodgement, bleeding, and secretions. Correlation of physical examination findings with those on chest radiograph is essential. Each hypoxic event may require a different intervention depending on its etiology. When presented with a hypoxic event, the physician must consider all the above outlined causes. Instead of simply increasing the fraction of oxygen in the inspired air to overcome hypoxia, a concerted effort in appropriate problem solving can reduce the likelihood of an incorrect diagnosis and inappropriate management response.
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